The low frequency response of the spray from a generic airblast diffusion burner with a design typical of an engine system has been investigated as part of an experimental study to describe the combustion oscillations of aero engine combustors called rumble. The atomization process was separated from the complex instability mechanism of rumble by using sinusoidal forcing of the air mass flow rate without combustion. Pressure drop across the burner and the velocity on the burner exit were found to follow the steady Bernoulli equation. Phase-locked PIV measurements of the forced velocity field of the burner show quasi-steady behavior of the air flow field. The phase-locked spray characteristics were measured for different fuel flow rates. Here again quasi-steady behavior of the atomization process was observed. With combustion, the phase-locked Mie-scattering intensity of the spray cone was found to follow the spray behavior measured in the non-combusting tests. These findings lead to the conclusion that the unsteady droplet SMD mean and amplitude of the air-blast atomizer can be calculated using the steady state atomization correlations with the unsteady burner air velocity. 
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INTRODUCTION
The demand for significant reductions of pollutant emissions like NOx and smoke from gas turbine aero engines has motivated continuous improvement of the combustion processes within the constraints of the engine operation. New concepts of fuel atomization, pre-vaporization and staged injection have been developed or are currently being tested for their operability. However, with the improvements gained, thermoacoustic combustion instabilities known and feared for their destructive potential in stationary gas turbines have also become more prominent in aeroengines. During recent years intense scientific efforts were undertaken to understand and specify the underlying driving mechanisms (e.g. [1] , [2] , [3] ). A particular combustion instability of aero-engine combustors is related to the fuel spray atomizers used. It exhibits a low-frequency oscillation between 50-150Hz at idle and sub-idle conditions, commonly called 'rumble'. In engine design practice, certain atomizers or combinations of fuel injector and combustor have become known as being particularly rumble-prone, yet a standard procedure to predict and to prevent a given designs susceptibility to this kind of instability has still to be formulated ( [4] ). Work in this area was performed by Zhu et al. who formulated a Computational Fluid Dynamics (CFD) model to numerically simulate the response of a 2D model combustor to forcing of the fuel and air streams ( [5] ) as well as the onset of self-excited oscillation ( [6] ). In this paper we provide the experimental results which clarify one of the key mechanisms of the rumble instability, i.e. the fuel atomization. A generic air-blast atomizer with a design typical for current systems has been incorporated into a thermoacoustic combustor test rig simulating rumble conditions. To isolate the effect of acoustic oscillation upon the atomization, the forced response of the atomizer has been investigated under non-combustion conditions. Phase-locked measurements of the pressure velocity coupling at the burner, the combustor velocity field as well as the associated spray diameter spectra were taken to provide a clear picture of the unsteady atomization process. The conclusions were verified using Mie-scattering of the spray cone in the combusting environment. For all measurements, a periodically forced air flow in the frequency range 50-150Hz was provided at different mean Air Mass Flows (AMF) and Fuel Mass Flows (FMF), covering the typical range of rumble.
EXPERIMENTAL SETUP
In this section, the experimental setup, the measurement techniques and the error estimates pertaining to the data presented in the results section are being presented. Also, the operational parameters of the experiments are given.
Test Facility
The single sector test rig, in which the measurements were conducted under atmospheric pressure conditions, is sketched in Figure 1 . Harmonic forcing on the electrically pre-heated air flow is created by a siren. The siren works on the principle of a rotating disc in an axial flow. The rotor has rectangular orifices passing double sine shaped apertures on the stator plate. Practice has shown that a sinusoidal excitation is well achieved if the air leakages around the rotor are kept small. The siren is driven by a 1.1kW induction motor. The rotation speed is controlled by a frequency converter, producing excitation frequencies up to 850Hz. In order to adjust the excitation amplitudes, the siren unit has a bypass valve, which allows the alteration of the air mass flow ratio between the siren and the bypass passage. A supply tube connects the siren to the combustion chamber. The supply tube has a circular cross section with 124mm inner diameter, and its length is adjustable from 850mm to 1450mm. In this way tube resonance effects may be used or avoided to further control the forcing amplitude. For the measurements presented here the maximum supply tube length was used. The acoustics of the supply were shown to be 1-D using the 10 equally spaced microphone ports in the far-field of the siren. The supply tube and the combustion chamber are connected with an adapter piece accomodating the injector/burner investigated. A thermocouple gives the air temperature at the injector inlet. The mean and oscillating pressure drop over the injector are determined by corresponding pairs of pressure taps and microphone ports close to the burner inlet and outlet planes.
The combustion chamber has a square cross-section, and measures 90mm × 90mm × 300mm. Exchangeable side plates allow a flexible adaptation to the requirements of the measurement techniques applied. The primary combustion zone is op-tically accessible by exchangeable quartz windows. A hot-wire probe can be mounted 3mm downstream of the burner outlet for the determination of the acoustic velocities. Ignition is achieved using a spark plug. For the combustion chamber, an acoustic open end condition can be assumed, since the exhaust tube measures 500mm in diameter and does not contain a silencer.
The generic air-blast diffusion injector/combustor system investigated is of the Rich-Quench-Lean-type, such that holes for secondary air injection were provided in the top and bottom plates of the combustion chamber, meeting the aerodynamic and stoichiometric operating conditions. The hole pattern and location was derived from the real (annular) liner geometry. The hole diameters were determined from the original air distribution on the basis of CFD. The air flow through these holes is diverted from the main flow upstream of the siren valve and is controlled by a flow restrictor valve with a corresponding measurement orifice. Dilution, film-and liner-cooling in the downstream part of the combustion chamber were omitted since they do not contribute to the formation of the primary zone aimed at in the current investigation.
Measurement Techniques and Data Analysis
A major requirement in the current experiments is to capture phase locked data. For this the siren shaft provides a reference signal, such that the exact forcing frequency and the phase angle of all measurements relative to the forcing can be determined. For the time-resolved measurement of the acoustic velocity, a 5µm Constant Temperature Anemometer (CTA) hotwire probe has been used. It was located 3mm downstream of the injector exit in the horizontal centerplane of the combustion chamber. The position of the probe was chosen such that the maximum velocity and at the same time a low local turbulence level was obtained, to make the measurement representative of the acoustic burner velocity. Additionally, the dynamic pressure drop over the burner has been measured by means of two 1/4"-microphones being located directly up-and downstream of the burner. The acquisition of the acoustic data (pressures and velocities) is controlled by a multichannel-I/O-Board (300kHz, 12 Bit). The microphone channels and the CTA channel were sampled with 10kHz each. Time-domain sequences of 10000 samples each were taken and Fourier-transformed. Then the amplitude and phase of each signal at the forcing frequency were stored. Finally, the averages were computed for all measurement sets from a given operating condition. The errors of the CTA velocity measurements are estimated to be below ±3.5% relative error and those of the microphone pressure amplitudes to be below ±5% relative error.
Phase-locked PIV and spray measurements were obtained by means of a hardware trigger. The rectangular reference signal is used to start a programmable counter on a PCI-board, which triggers the measurement devices on completion of the prese- lected countdown.
Particle Image Velocimetry (PIV):
PIV was employed to determine the flow field in the central longitudinal section of the combustion chamber. For detailed data at the combustor outlet, a region in the vicinity of the injector exit was investigated which measured 20 × 32mm starting 1 mm downstream of the combustor front as shown in Figure 2 . 100 vector maps were recorded and averaged to obtain the flow field data at every measured phase angle. The recording of the air velocity field took place without spray and flame. Oil droplets were used as seeding. The PIV lightsheet was also used for spray visualisation by Mie-scattering. Comparison of the PIV data with CTA data of corresponding cases leads to a relative error estimate of about ±3% of the measured velocity.
Malvern Particle Sizing:
The Spraytec Particle Sizer was used to characterize the spray at the injector exit under nonignited conditions. The measurement volume made up by the laser beam had a diameter of 15mm and was located at a distance of 12mm downstream of the injector exit in the horizontal center plane of the combustor (see Figure 2 ). The recordings have been performed phase-triggered, taking 1250 samples at a sampling frequency of 2.5kHz. For the ambient temperature spray measurements, repeatability and consistency checks make the SMD size measurements rather reliable. At elevated temperatures, beam steering caused by density gradients may introduce a considerable source of error. Again repeatability and consistency were checked, e.g. by comparing the measured temperature dependence of the SMD with the temperature scalings known from literature [7] . From the typical data scatter an error bar of ±5% is estimated for the SMD measurements.
Operating Conditions
The measurement points were derived from the start-up operating conditions of the real combustor. They are characterized by low pressures inside the combustion chamber (1.2-3.6bar), moderate air temperatures (max. 430K) and low AFRs in the combustion zone (18-40, without dilution). Since measurements were to be performed at ambient pressure, the pre-heating temperatures were maintained and the air and fuel mass flows were adapted such that the AFR of the primary zone and the characteristic pressure losses over the burner were retained. For the spray measurements without combustion, a mixture of 90% ethanol and 10% water was used as fuel which shows good agreement with the properties of kerosene (max. 10% deviation on the main physical properties determining spray formation).
The parametric study included steady-state and unsteady measurements. The steady-state measurements were performed to characterize the general atomization behavior of the burner and the corresponding flow field and comprised a variation of: For the unsteady measurements, external forcing has been applied at frequencies between 50Hz and 150Hz, corresponding to the usual rumble frequencies. The unsteady measurements were conducted for the same temperature and FMF conditions as for the steady-state case, but only for selected burner AMF oḟ 
THEORETICAL ANALYSIS
For the interpretation of the data shown in the results section a few derivations are needed, which are provided in the following sections. The pressure velocity coupling for a quasi-steady injector, the droplet motion timescale and its evaporation time, and finally a relation between Mie scattering intensity droplet diameter and velocity are being introduced.
Quasi-steady Pressure Velocity Coupling
The measured flow field as well as the pressure and velocity measurements at the burner suggest that the burner response to the forcing is quasi-steady in the low frequency range. To verify this notion, the quasi-steady relation between the amplitudes of burner velocity and pressure drop is derived from a perturbation expansion using the perturbations of pressure and velocity in the steady Bernoulli equation. Due to the very large area ratio between the supply tube and the burner channels, the supply tube may be treated as a plenum chamber, neglecting the contribution of the air velocity to the total pressure. For a low Mach number flow from a plenum through the burner channels, the total pressure balance from the plenum to the burner exit is given by:
Introducing the perturbed values of pressure p + p and velocity u + u into eq. (1) and subtracting from this the equation of the averages, the following perturbation equation is obtained.
Referring the left and right sides to the respective averages, the quasi-steady relation of relative pressure and velocity perturbations results.
eq. (3) means that for a quasi-steady burner response the relative velocity amplitude will be half the relative pressure drop amplitude.
Droplet Motion Timescale
The dynamical behavior of the spray is characterized by the timescale of droplet motion. An estimate for this timescale can be obtained from the equation of motion of a simple spherical droplet for a constant air velocity. This way the frequency limits of a quasi-steady behavior of the spray in an unsteady air flow can be assessed. This is needed when discussing the forced spray SMD measurement results. Following Hinze [8] the equation of motion of a spherical particle reduces to the balance of inertia and drag force.
For a droplet Reynolds number in the range 1 < Re < 1000 the drag coefficient c w is well approximated by an augmented Stokes-type law [9] .
with
With this expression inserted into Equation (4), the following mildly nonlinear ordinary differential equation for the droplet velocity is obtained.
Solving this equation for typical droplet diameters, it is found that the deviation from the Stokes drag relation is only relevant in the initial acceleration of the droplet, when the slip velocity is large. It is found that a characteristic timescale τ can be defined analogously to the linear case by:
which will scale the solutions of Equation (7) for zero initial droplet velocity. In the linear case, τ gives the time in which the droplet has accelerated to 63% of the gas velocity, whereas in the nonlinear case 63% of the gas velocity are reached after about 1/3τ.
Time Scales of Evaporation
For the higher air temperature measurements, droplet evaporation may influence the size measurements. Therefore, timescales of droplet heating, t h , and droplet evaporation, t v , have been estimated for the typical operation conditions using the simple d 2 −t law, which has been shown to work reasonably well for volatile liquids like ethanol ( [10] , [11] ). As suggested there, the property values have been determined at the average temperature between the liquid boiling point T s and the air temperature T a . Droplet flight was simulated using Equation (7) between the atomizer lip as the virtual start and the measurement volume. This resulted in an average droplet slip of 50% of the air speed, which was used to determine the droplet Reynolds number Equation (6) .
The total evaporation time used to estimate the importance of the process for the current measurements is the sum of both times t h + t v . For the low AMF where the SMD is around 55µm the total evaporation time is estimated to around 11ms, whereas for the high AMF with SMD of around 20µm a time of 6.2ms is obtained. To assess the influence of droplet evaporation on the measured diameter, these timescales are compared with the mean flight time calculated integrating Equation (7) between the atomizer lip and the measurement volume. For the given set up the ratio of residence to evaporation timescale is 0.06 for the 55µm and 0.02 for the 20µm droplets, indicating that this effect may be neglected when comparing to the other measurement uncertainties.
Spray Visualization Analyis
Apart from extracting the spray geometry from phase locked average pictures of Mie scattering light sheet tomography, the intensity oscillation of the scattered light was analyzed. In dilute spray the average intensity observed from Mie scattering depends on droplet diameter and number density approximately as
For a constant fuel mass flow rate, the particle number ratio in the second term of Equation (9) can be expressed by droplet diameter. For the current atomizer under steady-state conditions the droplet diameter and air velocity correlate well with:
Given Equation (10) and Equation (9) the measured intensity amplitude can be transformed into a velocity amplitude.
With this equation and given the steady atomizer characteristics, relative velocity amplitudes may be calculated from relative Mie intensity amplitudes for quasi-steady behavior of the atomizer. Thus, it provides an easy check for quasi-steady spray behavior.
RESULTS

Pressure Velocity Coupling under Forcing
In Figure 3 The correlation between the relative velocity amplitude and half the relative pressure amplitude is very good. Therefore Equation (3) holds, which means that the burner flow responds quasi-steady to the low frequency forcing. The small differences observed between velocity and pressure amplitudes, seen in particular for the higher frequencies at the lowest flowrate (p /2p and u /u forṁ/ṁ 0 = 1), decrease with increasing flowrate. This is due to the signal to noise ratio of the CTA which improves with mean velocity. For increasing flowrate the relative amplitudes achieved at the burner are seen to decrease, because the rising burner back pressure reduces the relative forcing amplitude. Figure 4 shows the velocity distribution at the burner exit for a forcing at 90 Hz. On the left half of the picture, the contour lines represent two fixed levels of air velocity magnitude at 10 different phase angles with a phase separation of ∆ϕ = 36 • . The spread of the superposed contours gives an impression of the injector's velocity response and shows how the swirling jet velocity grows and diminishes during the forcing period. On the right half of Figure 4 the contourlines of equal relative velocity are shown. These are obtained by normalizing the local phase-averaged velocities with the injector exit velocity of the respective phase angle. The contours coincide, meaning that the velocity field is invariant during the forcing cycle. Therefore, the aerodynamic behavior of the injector is quasi-steady for the frequency range considered, which is in line with the pressurevelocity coupling discussed above. Figure 5 shows the measured SMD of the burner for different AMF and two air temperatures. As typical for air-blast Figure 5 . SMD over Relative AMF for different pre-heating temperatures in the stationary, non-combusting case atomizers, the SMD is dominated by the air mass flow rate and relative atomization velocities at the atomizer lip. For relative AMF > 1.5 and low viscosity fuel, the atomization process is solely governed by the Weber number, We. Refering to the relation given in [7] :
Velocity Field under Forcing
Stationary Atomization Measurements
For the current data an exponent x ≈ 0.8 with respect to the AMF variation and x ≈ 0.5 for the temperature change is obtained. This is in agreement with the typical values for air blastatomizers found in the literature [7] , [12] . A possible reason for the different values of x may be secondary spray breakup. With decreasing relative AMF < 1.5 the disruptive forces decrease strongly, which tends to decrease the slope of the curve in this range. According to the stationary curves in Figure 6 and Figure  7 , the SMD is fairly insensitive to changing FMF, giving only a 10% diameter increase for almost double fuel flow rate.
Atomization Measurements with Forcing
The atomization of the forced spray was measured using the Malvern particle sizer for a relative AMF ofṁ/ṁ 0 = 1.0 and 1.6, fuel flow rates of 1 and 1.8g/s , 290 K air temperature and frequencies between 50 and 150 Hz. From the time series of SMD, the diameter mean and amplitude were extracted. To compare with the steady data, only the momentary SMD values for the maximum and minimum velocity phase have been plotted in Figure 6 and Figure 7 together with the SMD curves obtained from the steady state atomization experiments.
For the higher air mass flow rates atṁ/ṁ 0 = 1.6, the comparison is good, showing quasi-steady behavior of the atomizer. For lower air flow rate atṁ/ṁ 0 = 1.0, the droplet SMD and thus its motion time scale Equation (8) increases to the same magnitude as the forcing period. Now, convection will bias the drop size distribution in the measurement volume towards larger droplets, since larger droplets from the low velocity phase still continue to reach the measurement volume during the high velocity phase. Therefore, the time series of drop size becomes assymmetric between the low and high velocity phases, leading to larger SMD amplitudes at the forcing frequencies. For the 1.0 g/s fuel flow rate, Figure 6 , the comparison at the lower AMF is better than in Figure 7 , which is consistent with a 20% lower droplet time scale. Therefore, it seems that the deviations seen are mainly an intrinsic measurement problem related to the measurement technique employed [13] .
Spray Cone Angle, Mie Scattering Intensity
In order to assess the applicability of the forced spray behavior under non-ignited conditions to the case with combustion, the spray cone in the combusting environment has been analyzed by means of Mie-scattering. Figure 8 shows 2 phase-averaged pictures at minimum and maximum velocity phases with constant levels of Mie scattering intensity, which were averaged over 150 individual recordings. The intensity of the scattered light varies during the period due to the variation of droplet number and size with the air velocity as seen by the fixed contourlines. But the crown lines on the intensity contours of both phase angles coincide, showing that the underlying spray geometry does not vary with the periodic velocity oscillation. Figure 9 shows the comparison of relative burner air velocity and mean Mie scattering intensity oscillation for the same operation point taken from phase locked PIV measurements. To obtain the intensity amplitude, a sinusoidal fit was used, which is also shown.
Taking into account the average convective time delay of the spray (≈ 10 • at 130Hz), the net phase angle difference between the scattering intensity and velocity trace is negligible, which means that the spray response to velocity forcing is in phase. Using Equation (11) with a velocity exponent of ξ = 1.6 (taken from the static atomization behavior shown in the second previous subsection) the quasi-steady velocity amplitude is calculated from the Mie intensity amplitude. A relative velocity amplitude of 5.4% results, which compares well with 5.3% measured velocity amplitude. The validity of Equation (11) implies that quasisteady atomization behavior is also found under combustion conditions and that the momentary fuel mass flow rate in the spray is constant. 
FINDINGS AND CONCLUSIONS
The atomization behavior of a generic airblast atomizer with a design typical for aero-engine systems has been investigated under forced oscillation, which yields the following findings.
• The pressure velocity coupling of the burner air flow obeys the steady Bernoulli equation in the frequency range investigated.
• The phase-averaged velocity field of the cold flow in the combustor has an invariant distribution throughout the oscillation period.
• The phase-locked SMD measurements for oscillating air flow lie on the steady atomization curve. Agreement is good for higher mean air flow rate, but the deviations observed at lower mean air flow rate are most probably measurement bias.
• In the case of combustion, the basic spray geometry is unaffected by the forcing. The measured Mie scattering intensity oscillation obeys a quasi-steady relation derived for a constant fuel mass flow rate.
Our experimental findings lead to the conclusion that a quasi-steady description of an air-blast atomizer in the context of low frequency combustion oscillations like rumble is appropriate. Thus, the instantaneous SMD may be calculated using the momentary velocity data and the steady-state correlation between velocity and SMD. The constant fuel mass flow rate will lead to substantial fluctuations of the equivalence ratio which could be reason fo rumble. The design of the generic air-blast atomizer used here further suggests that this conclusion should also hold for typical systems used in aero-engines today.
